INTRODUCTION
The planar cell polarity (PCP) signaling pathway regulates a plethora of developmental and disease processes in vertebrates, including convergent extension (CE) of mesenchymal and neuroepithelial cells during gastrulation and neurulation (Keller, 2002; Keller and Tibbetts, 1989; Wallingford et al., 2000) , and coordinated orientation of epithelial cells in the skin and the inner ear sensory organs (Curtin et al., 2003; Devenport and Fuchs, 2008; Guo et al., 2004; Montcouquiol et al., 2003) . A common feature of these diverse processes is the polarization of neighboring cells along an axis parallel to the plane of the tissue (Vinson and Adler, 1987) .
The PCP pathway consists of a set of conserved membrane and membrane-associated proteins known as core PCP proteins that regulate all the known PCP processes (Axelrod, 2009; McNeill, 2010; Strutt and Strutt, 2009) . They include Flamingo (Usui et al., 1999) , Van gogh (Vang) (Taylor et al., 1998) and Frizzled (Fz) (Vinson and Adler, 1987) receptors, and Dishevelled (Dsh) (Theisen et al., 1994) . Numerous studies collectively show that these core PCP proteins orchestrate asymmetric membrane PCP protein complexes to guide the polarization of neighboring cells in a coordinated manner (Jones and Chen, 2007; Simons and Mlodzik, 2008) . In vertebrates, ciliary genes are also required for PCP signaling, acting as a determinant of cell intrinsic polarity (Fischer and Pontoglio, 2009; . Despite the shared feature of coordinated polarization of cells, epithelial PCP and CE in mesenchymal and epithelial tissues manifest in distinctive forms (Roszko et al., 2009; Simons and Mlodzik, 2008) . Epithelial PCP is showcased by orienting a stable polar structure of the constituent cells coordinately among neighboring cells. CE in mesenchymal cells is characterized by polarized cellular protrusions along one planar axis. The polarized cellular protrusions exert concerted forces to drive the convergence of the cells along the same axis and result in concurrent extension of the tissue along a perpendicular axis (Keller, 2002; Wilson and Keller, 1991) . In contrast to dynamic protrusive processes driving convergence of the mesenchymal cells towards the midline during gastrulation, the cohesion of the epithelium appears to be maintained in the neural plate during CE (Tada and Kai, 2009; Wang, J. et al., 2006) . However, the morphological process for CE in the neuroepithelia has not been characterized.
The mechanisms by which divergent morphological polarization processes are regulated by common PCP genes are not well understood. In particular, several PCP processes may occur simultaneously in the same tissue, such as concurrent CE and establishment of epithelial PCP in the mammalian auditory organ during terminal differentiation. The mammalian hearing organ, the organ of Corti, contains a precisely patterned mosaic of sensory hair cells and non-sensory supporting cells along the length of the spiraled cochlear duct. Each hair cell in the cochlea is adorned with a V-shaped bundle of microvilli-derived stereocilia on its apical surface. In addition, a single primary cilium, known as the kinocilium, is asymmetrically positioned near the vertex of the Vshaped stereociliary bundle . All of the hair cells are oriented uniformly in the cochlea (Fig. 1) . During terminal differentiation, hair cells and supporting cells of the organ of Corti 969 RESEARCH ARTICLE PCP regulation in the cochlea are both formed from a common pool of postmitotic cells packed in a shorter precursor domain that triples its length (Chen et al., 2002; McKenzie et al., 2004) . Mutations in conserved PCP and ciliary genes cause both CE defects and misorientation or loss of polarity of hair cells (Jones and Chen, 2007; Wang et al., 2005) . However, the morphogenetic processes of CE and hair cell alignment have not been characterized in depth, and it is not clear how these two concurrent but diverse PCP processes are executed under the regulation of a common set of core PCP and ciliary genes.
In this study, we characterized the cellular morphology of cochlear sensory epithelial cells during terminal differentiation and in mouse mutants that cause differential phenotypes in the two PCP processes. We provide evidence to support the hypothesis that the vertebrate PCP pathway regulates CE and epithelial PCP via distinct molecular modules in the cochlea.
MATERIALS AND METHODS

Mouse strains and animal care
Animal care and use was in accordance with US National Institutes of Health (NIH) guidelines and was approved by the Animal Care and Use Committee of Emory University. The following mouse strains were obtained from the Jackson Laboratories: Foxg1tm1(cre)Skm (Foxg1 Cre ) with Cre knocked in at the Foxg1 locus (Hebert and McConnell, 2000) ; Pcdh15(av-3j) (Pcdh15
3J
) carrying a single nucleotide insertion that results in frameshift and a truncated protein lacking the transmembrane and cytoplasmic domains (Alagramam et al., 2001 ) and LPT/Le (Vangl2 Lp ) carrying a single nucleotide G to A mutation, resulting in the change from serine to asparagine at the C terminal cytoplasmic domain (Kibar et al., 2001) . The Polaris/IFT88-floxed strain (Polaris
LoxP/LoxP
) was a gift from B. Yoder (University of Alabama, Birmingham, AL, USA) (Haycraft et al., 2007) . The p120
LoxP/LoxP animals carry one LoxP site each in intron 2 and intron 8 at the p120-catenin locus (Davis and Reynolds, 2006) . For staged embryos, the morning after mating was designated as embryonic day (E) 0.5.
Inner ear immunostaining and imaging
Standard procedures were used (Wang et al., 2005) . The primary antibodies used in this study were raised against Arl13b (1:1500) (Caspary et al., 2007); Fzd3 (1:200) (Wang, Y. et al., 2006) ; -tubulin (Sigma, 1:200); p120-catenin (BD Laboratories, 1:200); E-cadherin (BD Laboratories, 1:200); N-cadherin (BD Laboratories, 1:400); and Sox2 (Santa Cruz, 1:200). Rhodamine-or Alexa Fluor 488-conjugated phalloidin (Invitrogen) were used for actin staining. Olympus SZX12 upright, Olympus FluoView FV-1000 confocal and Zeiss LSM510 confocal microscopes were used for image acquisition.
Analyses of stereociliary bundle orientation and morphology
The V-shaped hair bundle orientation was determined by drawing a line from the position of the kinocilium through the middle of the V-shaped stereocilia (bisecting line). We defined the angle of orientation as the angle formed between the bisecting line and the line parallel to the medial-tolateral axis of the cochlear duct. Normally, this angle is close to 0°. Each row of hair cells was divided into three groups according to their position along the longitudinal axis of the cochlea (base, middle and apex) owing to the presence of a differentiation gradient within the cochlea during development. Only hair cells from the base and middle regions were included for quantification. At least 25 hair cells in each row in each region were quantified for each sample, and at least three animals per genotype were analyzed. The distribution of angles along the length of the cochlear duct was plotted using Oriana3 (Kovach Computing Services, Anglesey, Wales). Cells that had a central fonticulus were classified as having the maximum deviation, namely 180°. Mean data are presented. Statistical significance was analyzed by  2 analysis and Mardia Watson Wheeler tests using Oriana3.
Cellular morphogenesis analysis
For cellular morphogenesis and long axis quantification, we used Packing Analyzer software (http://idisk-srv1.mpi-cbg.de/~eaton/) (Aigouy et al., 2010) to extract the outline of cells from E14.5 cochlear samples stained with Phalloidin. Manual corrections of the outlines were done. The outlines were subjected to automated calculation of cellular long axis using a program we developed. The software is based on two computer vision development tools, Microsoft Visual C++ and Intel OpenCV Intel(R) Open Source Computer Vision Library. The long axis of the cells is designated as the Fit Line using the Least Squares method. The Fit Line is expressed in a linear regression function, kx + b. To determine the Fit Line, the following function, was used to find the minimum of the sum of deviation, The slope (k) and intercept (b) of the Fit Line, kx + b, are determined by the following equations:
The angles between the Fit Line of each cell and the longitudinal axis of the cochlea duct were scored.
RESULTS
The developing organ of Corti undergoes drastic cellular morphogenesis during cochlear extension
The cells that give rise to the hair cells and supporting cells of the organ of Corti exit cell cycle between E12.5 and E14.5 in mice (Ruben, 1967) . The newly postmitotic cells appear mostly as hexagonal cells at their apical surface with their long axes aligned with the longitudinal axis of the cochlear duct (Fig. 1A) . By E18.5, the organ of Corti has differentiated and consists of one row of inner (IHC) and three rows of outer hair cells (OHC1-3) interdigitated with several types of non-sensory supporting cells, including inner phalangeal (Iph), inner (Ip) and outer pillar (Op), and Deiters' (DC1-3) cells (Fig. 1B) . In contrast to the mostly uniform morphology in the undifferentiated organ of Corti, the cells in the differentiated organ of Corti have distinctive shapes with different cellular contacts at their apical surface. For example, the first and second rows of Deiters' cells have eight sides, whereas hair cells contact four neighboring cells (Fig. 1B) . The maturation of the organ of Corti is accomplished by a graded differentiation process, which initiates near the base of the cochlea and progresses from the inner-most row to the outer-most row of hair cells and from the base to the apex of the cochlear duct (Fig. 1C-G) . During this period, the length of the organ of Corti increases three-to fourfold, by a narrowing of the organ of Corti with no change in the number of cells (Chen et al., 2002) . This type of tissue
morphogenesis resembles CE in the establishment and extension of the body axes during gastrulation and in the extension and closure of the neural tube during neurulation (Keller, 2002) . Examination of cellular morphology revealed dynamic remodeling of cellular contacts during terminal differentiation. The vertices of the polygonal cells are exclusively tri-cellular prior to differentiation (Fig. 1A) . As the organ of Corti differentiates, there are extensive cellular vertices formed by four cells (Fig. 1H,I ) and by a rosette of five or more cells (Fig. 1H,I ). The number of 4 + -cell vertices diminishes and gives way to again form tri-cellular vertices as the tissue elongates and the cells establish stable cellular contacts in a terminally differentiated organ (Fig. 1J ). This process of cellular clustering and resolution implicates selective cellular contact shrinkage and extension during CE of the organ of Corti.
Dynamic expression of N-cadherin and E-cadherin demarcates sharp boundaries within the developing cochlea A key component maintaining cell-cell contact or cell adhesion is cadherin-mediated adherens junctions (AJs). Classic experiments indicate that differential cell adhesion can drive tissue morphogenesis (Steinberg, 2007; Townes and Holtfreter, 1955) , and recent studies show that cadherin-mediated AJs counter the contractile force generated by non-muscle myosin II and play a role in cellular morphogenesis during CE in Drosophila (Bertet et al., 2004; Rauzi et al., 2008; Zallen and Blankenship, 2008; Zallen and Wieschaus, 2004) . To explore a potential role for AJs in cochlear CE, we examined the expression of E-cadherin (Cdh1 -Mouse Genome Informatics) and N-cadherin (Cdh2 -Mouse Genome Informatics) in the developing organ of Corti.
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The earliest expression of E-cadherin appears at E15 and is readily detectable in cochlea at E15.5 ( Fig. 2A-D) . By E15, the nascent hair cells can be recognized by F-actin enrichment at their apical cortex ( Fig. 2A-D) . The expression level of E-cadherin continues to increase as the organ of Corti matures ( Fig. 2A-H) . Notably, the expression of E-cadherin is restricted to the OHC region and the region lateral to the outer hair cells, the Hensen cell region ( Fig. 2A-H ; supplementary material Fig. S1 ). In comparison to E-cadherin, N-cadherin had an earlier onset in the cochlea and could be detected at E14 (Fig. 2I,J) . Complementary to the Ecadherin-expressing domain in the cochlea, the expression of Ncadherin is restricted to cells medial to the OHC region ( Fig. 2I-N) . A similar complementary expression of E-cadherin and N-cadherin in the cochlea at later stages has been reported previously (Etournay et al., 2010) .
In summary, the expression of N-cadherin and E-cadherin is dynamic and defines a sharp boundary within the developing organ of Corti. The onset of E-cadherin membrane localization coincides with the stabilization of cell junctions in the region lateral to the inner pillar cells.
Inactivation of p120-catenin leads to reduction of cadherins and characteristic CE defects in the cochlea
The dynamic and precisely confined expression domains of Ncadherin and E-cadherin implicate a potential role for cadherins in demarcating specific cell populations within the cochlea and in mediating rapid cellular contact changes during CE of the cochlea. To explore their potential roles, we conditionally knocked out p120-catenin (Ctnnd1 -Mouse Genome Informatics) in the inner ear (Davis and Reynolds, 2006) . The p120-catenin protein binds to the intracellular domains of cadherins and stabilizes them at cell-cell junctions on cell membranes (Davis et al., 2003; Ireton et al., 2002; Xiao et al., 2007) . Knockdown of p120-catenin leads to significant reduction of membrane cadherins in cultured cells and in vivo (Reynolds, 2007) . We examined the expression of p120-catenin, and the effect of its loss on the levels of E-cadherin and N-cadherin in the cochlea ( Fig. 3A-F ; supplementary material Figs S1, S2). The p120-catenin protein was detected at cellular membranes in all of the epithelial cells in the control cochlea (Fig. 3A) . We bred animals carrying the p120-catenin floxed allele with animals carrying a copy of Cre recombinase at the Foxg1 locus (Hebert and McConnell, 2000) to inactivate p120-catenin in the cochlear epithelium. In p120 LoxP/LoxP ; Foxg1-Cre (p120 CKO/CKO ) cochleae, p120-catenin protein is barely detectable (Fig. 3B ). As expected, 971 RESEARCH ARTICLE PCP regulation in the cochlea the plasma membrane levels of E-cadherin are nearly abolished in p120 CKO/CKO animals ( Fig. 3C,D) . The expression levels of Ncadherin are also greatly reduced in p120 CKO/CKO cochleae ( Despite the significant reduction of E-cadherin and N-cadherin in the cochlea, the general integrity of the organ of Corti is maintained in p120 CKO/CKO animals at E18.5 (Fig. 3B,D,F,H ). In addition, hair cells appear to have a normal polarity in the mutant animals (n42) (Fig. 3G,H) . We measured hair cell orientation from three control and three p120 CKO/CKO mutant animals and confirmed that there was no statistically significant deviation of hair cell polarity in p120 CKO/CKO animals ( Fig. 3I-K) . In the organ of Corti, several PCP proteins, such as Vangl2, have a polarized subcellular distribution parallel to the PCP axis (supplementary material Fig. S3 ). In the organ of Corti from p120 CKO/CKO animals, Vangl2 shows an asymmetric subcellular localization, similar to that of control animals ( Fig. 3G,H ). There are, however, discernible patterning defects in the organ of Corti from p120 CKO/CKO mutants at E18.5 (Fig. 3H, Fig. 4 ).
Instead of the normal one row of inner and three rows of outer hair cells, additional rows of IHCs and OHCs are present (Fig.  3H, Fig. 4 ). This patterning defect was observed in 50% of the p120 CKO/CKO mutants examined (n30 animals). The cochlear duct is shortened in all of the p120 CKO/CKO mutants that have a widened organ of Corti (Fig. 4A-L) . The affected p120 CKO/CKO cochleae have a length of 0.77±0.05 (n3) relative to control littermates (1.00±0.02; n3). The association of the widening and shortening of the cochlear duct has been observed in several PCP mutants, such as the looptail mutant with a loss-of-function mutation in Vangl2 (Montcouquiol et al., 2003) , the Fz3 (Fzd3 -Mouse Genome Informatics) and Fz6 (Fzd6 -Mouse Genome Informatics) (Fz3/6) double mutants (Wang, Y. et al., 2006) , and the ciliary gene Polaris (Ift88 -Mouse Genome Informatics) mutant . The association of these two phenotypes is considered to be indicative of CE defects. To test whether p120-catenin does indeed have a role in CE, we explored the genetic interaction between p120-catenin and Vangl2. Vangl2 encodes a membrane protein with a C-terminal cytoplasmic tail. Point mutations at the C-terminal cytoplasmic region, the looptail mutations (Kibar et al., 2001) , result in manifestation of all the known PCP defects. We crossed p120-catenin conditional knockout (CKO) with looptail animals. The p120 CKO/CKO ;Vangl2 Lp/+ animals generated (n10) show 100% penetrance in cochlear shortening and widening (Fig. 4A-L) . The severity of the CE defects in p120 CKO/CKO and p120 CKO/CKO ;Vangl2 Lp/+ animals, however, is comparable.
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The shortening and widening of the cochlear duct in p120-catenin mutants could be detected as early as E14.5 (Fig. 4M-T) . We visualized the width of the organ of Corti prior to terminal differentiation by staining the developing cochlea with Sox2 to label the precursor cells of the organ of Corti at E14.5 (Fig. 4M-R ) (Dabdoub et al., 2008 (Fig. 5) . We extracted cellular outlines (Aigouy et al., 2010) and developed a program to plot the long axis of each cell. This analysis identified morphological abnormalities in affected p120 CKO/CKO cochleae (Fig. 5) . In control animals, cells are mostly elongated along the longitudinal axis of the cochlear duct at E14.5 ( Fig. 5A-E) . In affected p120 CKO/CKO littermates, there are more cells with their long axis not aligned with the longitudinal axis of the cochlear duct, especially towards the apex of the cochlea (Fig. 5F-J) .
To explore further the potential morphological defects in p120 CKO/CKO animals, we also quantified the percentage of vertices formed by three, and four or more cells in the control and p120 CKO/CKO cochleae at E14.5 ( Fig. 5K ; supplementary material Table S1 ). As we described earlier (Fig. 1) , there is an apparent cellular boundary shrinkage and resolution during cochlear extension. The tri-cellular vertices represent the pre-shrinkage or post-resolution states, whereas the vertices with four or more (4 + ) cells are likely to correspond to a transitional state prior to resolution. There is a statistically significant difference in the number of transitional cellular vertices in the middle and the base of the cochlea ( Fig. 5K; supplementary material Table S1 ). In the less differentiated middle region, there are more 4 + -cellular vertices than in the more differentiated basal region of the cochlea (Fig. 5K) , suggesting that the less differentiated region has a large percentage of cells in transition. The comparison between control and p120 CKO/CKO cochleae revealed a statistically significant difference ( Fig. 5K ; supplementary material Table S1 ). The p120 CKO/CKO cochleae have more 4 + or the transitional vertices than the controls (Fig. 5K ). Similar results were observed for PCP mutant Vangl2
Lp/Lp ( Fig. 5K; supplementary material Table S1 ). The increased transitional state in p120 CKO/CKO and Vangl2 Lp/Lp cochleae implicates a similar defect in cellular resolution during CE.
Mutations in the PCP gene Vangl2 alter the expression patterns of cadherins in the cochlea
It is conceivable that the requirement for p120-catenin for cochlear CE might be mediated by its role in modulating the levels of cadherins on the plasma membrane as there is an apparent defect 973 RESEARCH ARTICLE PCP regulation in the cochlea in cellular resolution or in establishing new and stable cellular contacts. If so, it is possible that PCP signaling might regulate CE via cadherins.
We examined the expression of N-and E-cadherins in Vangl2 lp/lp mutants that have defects in all the known PCP processes (Fig. 6) .
The sharp boundary defined by the expression of N-cadherin (Fig.  6A,B) is not present in the Vangl2 Lp/Lp mice (Fig. 6C,D) . The expression of N-cadherin in Vangl2 Lp/Lp expands laterally past the normal boundary into the future OHC domain (Fig. 6C,D) . The expression of E-cadherin is also altered in Vangl2 Lp/Lp mutants ( Fig. 
6E-H). In Vangl2
Lp/Lp mutants, the levels of E-cadherin at the cell membrane were drastically reduced ( Fig. 6E-H ). In addition, the relatively higher level of E-cadherin in the region lateral to the OHCs was not observed in Vangl2 Lp/Lp littermates ( Fig. 6E-H) . Furthermore, we carried out western blot analysis and found that the levels of Ecadherin are significantly reduced in Vangl2 Lp/Lp mutants (Fig. 6I,J) .
Pcdh15 is required for hair cell polarity but is dispensable for cochlear extension
The requirement for p120-catenin in cochlear extension and the altered expression patterns of E-cadherin and N-cadherin in Vangl2 Lp/Lp PCP mutants suggest that CE is mediated specifically by a p120-catenin-dependent mechanism that probably involves E-cadherin and N-cadherin at the AJs. The specific requirement for p120-catenin in CE also implies that a molecular apparatus independent of p120-catenin regulates hair cell polarity in the cochlea. The polarity of hair cells is marked by the asymmetric positioning of the kinocilium and the basal body, and by the polar arrangement of stereocilia of graded heights. The machinery that builds the polar hair bundles is likely to interact with or be a part of the molecular module regulating hair bundle polarity. Components of the machinery for the formation of hair bundles were identified initially by their linkage to Usher syndrome, the most frequent hereditary cause of concomitant deafness and blindness in humans (El-Amraoui and Petit, 2005) . A recent study further illustrates the detachment of the kinocilium from the stereocilia bundle and kinocilia mislocalization among Usher mutants (El-Amraoui and Petit, 2005; Lefevre et al., 2008) . In particular, one of the Usher mutants, the Pcdh15 3J/3J mutant, carrying a spontaneous loss-offunction mutation in Protocadherin 15 (Pcdh15) (Alagramam et al., 2001) , is one of the first Usher mutants with a reported mislocalization of the kinocilium (Ahmed et al., 2006; Ahmed et al., 2003; Senften et al., 2006) . To confirm a role for Pcdh15 in hair cell polarity, we analyzed the morphology of hair bundles and the position of the basal body in Pcdh15 3J/3J mutants (supplementary material Fig. S4 ). The position of the kinocilium or the basal body can be readily identified by a structure known as the fonticulus, where the dense actin mesh formed elsewhere in the cuticular plate is absent. As reported previously, hair bundles in Pcdh15 3J/3J mutants are
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disorganized and fragmented (supplementary material Fig. S4 ) (Alagramam et al., 2001; Lefevre et al., 2008) . Compared with littermate controls, hair cells in Pcdh15 3J/3J mutants have displaced and sometimes centrally positioned fonticulus (supplementary material Fig. S4A ,B,K), confirming a defect in hair cell polarity. The normally polarized subcellular distribution of PCP protein Fz3, however, is maintained in Pcdh15 3J/3J mutants (supplementary material Fig. S4C,D) , similar to what was observed in a cilia mutant, Polaris CKO/CKO . Polaris is also known as intraflagellar protein 88 (Ift88) and is required for the formation of kinocilia Fig.  S5 ) (Haycraft et al., 2007; . The addition of a single 3J allele of Pcdh15 to Polaris CKO/CKO animals causes significant disruption to the polar arrangement of stereocilia in the IHCs (supplementary material Fig. S5 ).
In contrast to mutations of PCP genes that affect both hair cell polarity and CE of the cochlea, however, the loss-of-function of Pcdh15 specifically affects hair cell polarity but not extension of the cochlear duct (supplementary material Fig. S4E-K) . Pcdh15 3J/3J mutants showed a normal pattern of N-cadherin expression at E14.5 and a normal cochlear length (supplementary material Fig.  S4E-J) . These observations together indicate that Pcdh15 is required only for hair cell polarity and interacts genetically with the ciliary and PCP gene polaris for the formation of the polar hair bundle.
DISCUSSION
The PCP pathway was characterized initially in Drosophila for its role in epithelial tissues (Simons and Mlodzik, 2008; Vinson and Adler, 1987) . Studies in vertebrates showed that a set of conserved genes regulate additional cellular processes involving coordinated polarization of cells in multiple tissues (Keller, 2002; Mlodzik, 2002; Wallingford et al., 2000) . However, the molecular modules that carry out morphological polarization for various forms of PCP remain obscure. It is not known whether different downstream effectors mediate the different manifestations of PCP forms. In this study, we presented evidence that the morphogenetic processes of CE and epithelial PCP are regulated by distinct molecular machineries downstream of common PCP genes.
Cellular morphogenesis during CE and other PCP processes CE in vertebrates occurs in mesenchymal tissues during gastrulation and in the neural epithelium during neurulation (Keller, 2002) . During gastrulation, the mesenchymal cells are polarized along one axis in the form of polarized and dynamic protrusive activities that create traction to pull the cells toward the midline and result in concomitant extension along a perpendicular axis: the future anterior-posterior axis. Cellular morphogenesis in epithelial tissues during CE is not well characterized in vertebrates. Studies in Drosophila, however, presented a lucid morphological description for epithelial CE. During Drosophila germband extension, cells in the gastrulating epiderm tissue transition from hexagonal cells to cellular rosettes by polar contraction of cellular contacts (Blankenship et al., 2006) , or shrinkage of cellular contacts along one axis (Bertet et al., 2004) . The formation of transient cellular rosettes is followed by polar expansion of cellular contacts along another axis perpendicular to the axis along which the initial shrinkage of cellular contacts occurs (Blankenship et al., 2006) . Our characterization of cellular morphogenesis during cochlear extension in mice depicts a similar course. The organ of Corti is developed from a postmitotic domain consisting of tightly packed precursor cells that undergo rearrangements to achieve extension (Chen et al., 2002; McKenzie et al., 2004) . We documented similar transitional phases of cellular rosettes and apparent resolution during cochlear extension (Figs 1, 5) .
Other PCP processes include oriented cell divisions in multiple tissues, development of hair follicles in the dermis, and coordinated orientation of hair bundles in the inner ear sensory organs. The oriented cell division in epiblast cells during zebrafish axis elongation is accompanied by regulated cellular elongation (Gong et al., 2004) . The development and orientation of hair follicles require regulated contraction and extension of cellular contacts within the same cell (Devenport and Fuchs, 2008) . In the inner ear sensory organs, the formation of the polar hair bundle involves the relocation of the centrally positioned kinocilium to the periphery, formation of a dense F-actin mesh on the apical surface, the appearance of a V-shaped stereociliary bundle with graded heights, and the alignment of the pair of centrioles of the cell . Clearly, hair cell polarity manifests distinctively from CE process.
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However, mutations in the conserved PCP genes, as well as a few general cytoskeleton regulators, cause multitudes of PCP defects. In the cochlea, the apparent CE defects are associated with hair bundle polarity in almost all of the known PCP mutants (Chacon-Heszele and Chen, 2009 ).
Distinct molecular regulation of epithelial CE and PCP in vertebrates
The underlying cellular and molecular mechanisms for the role of the vertebrate PCP pathway in regulating CE are not clear. In Drosophila, the contractile molecule Myosin 2 and adhesion molecule E-cadherin show planar polarization and complementary localization during germband extension and are required for the CE process, whereas the conserved PCP genes are not required (Bertet et al., 2004; Blankenship et al., 2006; Zallen and Wieschaus, 2004) . In the mouse cochlea, we found that concomitant with apparent contraction and expansion of cellular contacts, the expression of the AJ proteins E-cadherin and N-cadherin at the cell membrane changes dynamically and marks a sharp boundary between the IHCs and OHCs of the cochlea (Fig. 2) . Furthermore, the reduction of E-cadherin and N-cadherin levels at the plasma membrane through conditional inactivation of p120-catenin led to cellular morphological alterations (Fig. 5 ) and the formation of a shorter and wider cochlea (Fig. 4) , suggesting a role for p120-catenin in regulation of selective cellular contacts and cellular morphogenesis during CE of the cochlea. Additional evidence supporting a role for p120-catenin in CE regulation during PCP signaling is the observed genetic interaction between p120-catenin and the conserved PCP gene Vangl2. In comparison to 50% penetrance of a CE defect in p120 CKO/CKO animals ( Fig. 4B ,E,H,K), the addition of a single Vangl2 loss-of-function allele resulted in complete penetrance of the phenotype (Fig. 4C,F,I ,L).
These data support a role for p120-catenin in PCP signaling and implicate a direct involvement of E-cadherin and N-cadherin in mediating the requirement for p120-catenin in CE. The link between cell adhesion and tissue morphogenesis in vertebrates has been reported. Classic embryonic studies by Townes and Holtfreter (Townes and Holtfreter, 1955) and subsequent studies (Steinberg, 2007) show that differential adhesive properties of cells involving cadherins underlie cellular boundary formation, aggregation and, consequently, cellular movement. In particular, the notion that cell adhesion is linked to PCP morphogenesis processes and is directly regulated by the vertebrate PCP pathway has also emerged. Ecadherin is shown to play an essential role in zebrafish epiboly, a process in which the blastoderm and the yolk syncytial layer undergo radial intercalation to spread out and envelop the yolk (Kane et al., 2005; Shimizu et al., 2005) . Non-canonical Wnt5 and Wnt11 can regulate the expression pattern of cadherins (Bradley and Drissi, 2011; Nagy et al., 2010) ; PCP signaling regulates cell adhesion properties of the zebrafish laterality organ (Oteiza et al., 2010) ; and PCP protein Vangl2 interacts with Rac1 to regulate AJs in the developing neural tube in mice (Lindqvist et al., 2010) . Here, we showed that the levels of E-cadherin and N-cadherin are reduced significantly in p120 CKO/CKO animals (Fig. 3) . Moreover, the expression of E-cadherin and N-cadherin is abnormal in Vangl2
Lp/Lp PCP mutant animals (Fig. 6 ). (Yamamoto et al., 2009) , our study supports a model that shares similarities with, but is also distinct from, CE regulation in Drosophila. Potentially, the counter action by Myosin II (Bertet et al., 2004; Zallen and Wieschaus, 2004) and adhesion molecules (Zallen and Wieschaus, 2004; Blankenship et al., 2006) plays similar roles in contraction and expansion of cellular contacts, respectively, to drive CE. Distinctively, this directional cellular contact remodeling is regulated by PCP signals in vertebrates, whereas unidentified signals independent of PCP genes in Drosophila control the polar distribution of E-cadherin and Myosin II during CE (Zallen and Wieschaus, 2004) . It is intriguing that the expression domains of N-cadherin and Ecadherin are sharply divided in the developing cochlea (Fig. 2) . This raises the question of whether differential cadherin domains are essential for CE, given that cadherins have higher homophilic affinities and that differential adhesion is a fundamental driving force for tissue morphogenesis (Niessen et al., 2011; Townes and Holtfreter, 1955) . The decreased level of E-cadherin in Vangl2
Lp/Lp mutants probably reduces the differential adhesive force and contributes to the loss of N-cadherin expression boundary (Fig. 6) . Furthermore, N-cadherin has an earlier onset whereas the expression of E-cadherin increases and correlates with the formation of mature cellular contacts (Fig. 2) , indicating that the two cadherins might have differential roles in CE. Although both cadherins are type-I cadherins mediating cell adhesion, the expression of N-cadherin has been linked to cellular mobility whereas the expression of E-cadherin has an inverse correlation with increased mobility (Niessen et al., 2011) . It is possible that, in addition to enforcing the segregation of two groups of hair cells during terminal differentiation, N-cadherin plays a major role at early steps of CE whereas E-cadherin aids the resolution of transient cellular clusters by establishing stable cellular contacts.
It is noted that the cochlea and vestibule have different requirement for p120-catenin for their integrity. The cochlear epithelium appears to maintain its integrity in p120-catenin mutants, despite the significant reduction of E-cadherin and N-cadherin ( Figs  3, 4) . -Catenin binds to the cytoplasmic domain of cadherins and interacts with several proteins to build an adhesion complex and the cytoskeleton network. We found that -catenin is localized to the plasma membrane in p120 CKO/CKO animals (data not shown), implicating the presence of cadherins, such as remaining N-and Ecadherins and other cadherins, in p120 CKO/CKO animals. Furthermore, members of Nectin proteins, also components of AJs, are present in the organ of Corti (Togashi et al., 2011) . They probably retain their bridge with the cytoskeleton network to stabilize cell adhesion. It remains to be tested whether the cochlear epithelium in p120 CKO/CKO animals can resist mechanical stress challenges. The utricle in the vestibule shows significant epithelial defects in p120 CKO/CKO animals (supplementary material Fig. S6 ). The cochleae from p120 CKO/CKO showed normal hair cell polarity and normal localization of core PCP protein Fz3 (Fig. 3) . The maintenance of polar distribution of core PCP proteins and hair cell polarity in p120 CKO/CKO animals that are defective in CE implies independent regulations of CE and hair cell polarity by the vertebrate PCP pathway. Indeed, we confirmed a Pcdh15-dependent mechanism that is specific for regulating hair cell polarity. Mice homozygous for the functionally null 3J mutation of Pcdh15 (Alagramam et al., 2001) have no CE defects (supplementary material Figs S4, S5) . However, hair cell polarization is disrupted in the Pcdh15 3J/3J mice whereas the polar distribution of core PCP proteins is maintained (supplementary material Figs S4, S5), revealing a specific hair cell polarity defect downstream of core PCP genes in these mice. Furthermore, not only are many hair cells not properly aligned along the PCP axis, but in many instances they have a centrally located basal body/kinocilium, showing a loss of intrinsic cell polarization akin to that previously observed in ciliary mutants . The addition of a single copy of the loss-of-function mutant allele of Pcdh15 in Polaris CKO/CKO animals gave rise to defects in stereociliary bundle morphology and polarity not found in Polaris CKO/CKO animals (supplementary material Figs S4, S5 ), suggesting a genetic interaction between polaris and Pcdh15 in the formation of the polar stereociliary bundles. It is possible that the physical contribution of Pcdh15 to the linkers between the kinocilium and the nearby stereocilia underlies the genetic interaction between Pcdh15 and the ciliary gene polaris. Taken together, our study reveals distinct mechanisms downstream of core PCP genes in regulating CE and epithelial cell PCP. Cochlear CE is likely to be controlled via cadherin-dependent regulation of cell-cell contacts whereas the execution of hair cell planar cell polarity is regulated via a Pcdh15-dependent mechanism. The mechanism by which defects in core PCP signaling affect the regulation of cell-cell contacts is not known. The observations that N-cadherin and E-cadherin are abnormally distributed in core PCP mutants and that core PCP proteins colocalize with adhesion molecules (supplementary material Fig. S2 ) support the possibility that core PCP proteins directly regulate E-cadherin and N-cadherin to meet the requirement for cellular contact remodeling during CE. Similarly, how Pcdh15 or Pcdh15-containing complexes interpret polarity cues and interact with ciliary proteins to regulate the formation of the polar hair bundles has not been explored. Pcdh15 is a component of the physical links between the kinocilium and neighboring stereocilia and among stereocilia (Ahmed et al., 2006; Kazmierczak et al., 2007; Muller, 2008) , and its isoforms have been localized to the basal body area (Ahmed et al., 2003; Alagramam et al., 2007; Senften et al., 2006) . It is possible that the physical links between the kinocilium and adjacent stereocilia are essential for the proper transmission of the polarity cues from polarized core PCP complexes to the polar localization of the kinocilium, which is essential for the intrinsic polarity of hair cells . Alternatively, Pcdh15 or Pcdh15-containing complexes could directly control the polarization of the kinocilium downstream of core PCP protein complexes, leading to subsequent cohesive patterning and orientation of the stereociliary bundle. Nonetheless, the regulation of CE and hair cell polarity via p120-catenin-and Pcdh15-mediated mechanisms by the PCP pathway probably both involve actin and microtubule cytoskeleton components that form distinct and perhaps compartmented complexes for cellular morphogenesis and for polar positioning of the kinocilium.
